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Abstract: Incidents of Quercus decline have been driven by complicated interactions 
among factors such as temperature, drought, pathogenic fungi, and tree density, which 
operate at multiple time scales. In particular, past incidents of elevated tree mortality in 
response to drought in the highlands of Oklahoma were associated with biotic factors; 
specifically, the infection of Quercus species by canker-causing Biscogniauxia fungi. 
Much research has demonstrated the association between water stress and Biscogniauxia, 
however, little is known about the interactions between forest densification, water stress 
and fungal infection. I investigated the effects of disturbance regimes on Biscogniauxia 
prevalence at two different sites in Oklahoma—Pushmataha Wildlife Management Area 
(PWMA) and Okmulgee Wildlife Management Area (OWMA). Stands at PWMA were 
subjected to 4-year and 1-year fire return intervals, while OWMA stands received 2.5-
year and 4.3-year fire return intervals. Utilizing a generalized linear mixed model 
(GLMM) I found that the incidence of Biscogniauxia was highest among units with a fire 
return interval of 4 years or greater. Additionally, trees exhibiting stress through canopy 
reduction had greater rates of infection. I measured stable C isotope ratio to investigate 
treatment effects on tree physiology, however results suggested WUE was highest in 
units experiencing 4-yr and 1-yr fire return intervals at PWMA, counter to my 
expectations, while no effect was seen at OWMA. My observations illustrate the 
effectiveness of disturbance regimes on mitigating pathogenic attack and warrant further 
investigation to understand the effectiveness of fire regimes as a management strategy.  
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CHAPTER I 
 
 
LITERATURE REVIEW 
 
The fungal species Biscogniauxia (Xylariales, Xylariaceae)–specifically B. 
atropunctata and B. mediterranea— have been associated with elevated tree mortality in 
response to drought in the oak-hickory forests of Oklahoma, Arkansas, and Missouri 
(Tainter and Gubler 1973, Bassett et al. 1982, Bassett and Fenn 1984, Jenkins and 
Pallardy 1995, Masters and Waymire 2012b, Bendixsen et al. 2015). Although not host 
specific, B. atropunctata and B. mediterranea are typically associated with Quercus 
species. Biscogniauxia spp. have been classified as endophytic in healthy trees and 
colonizers of the sapwood and bark in hosts stressed by predisposing factors (Ju et al. 
1998, Sinclair and Lyon 2005) and can cause necrotic disease. Considered a latent 
colonizer (Bassett and Fenn 1984), this disease causes tissue death by attacking the 
phloem and sapwood of oaks, leading to eventual decay, sloughing of the bark, and the 
appearance of a fungal stroma or canker (Bassett and Fenn 1984, Olson 2013) that may 
persist on the dead material of hosts for periods of time.  
Previous studies have demonstrated that Biscogniauxia infection is directly 
associated with water stressed hosts (Sinclair and Lyon 2005, Vannini et al. 2009). 
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Bassett and Fenn (1984) simulated water stress on Quercus species through girdling, 
resulting in the appearance of B. atropunctata in host tissue. Although Biscogniauxia spp. 
have been found on both living and dead species of Quercus, it primarily attacks red oak 
species (subgenus Quercus, section Lobatae) (Tainter and Gubler 1973, Bassett et al. 
1982, Bassett and Fenn 1984, Haack and Blank 1991a). Tainter and Gubler (1973) found 
that the decline of moisture content of tissues from 70% to 30% in red oak species 
resulted in widespread wood decay caused by B. atropunctata. Similarly, Vannini and 
Mugnozza (1991) expressed B. mediterranea in water stressed Quercus cerris seedlings. 
Following this study, Vannini et al. (2009) found that B. mediterranea infection increased 
as host water potential decreased in a Q. cerris dominated forest. Based on observational 
studies and field surveys, there is considerable evidence linking increased susceptibility 
to biotic attack in these forest ecosystems in the face of increased drought frequency and 
severity. Following the 2013 drought experienced in the southwestern United States, the 
resulting mortality of white and black oaks were associated with reduced growth during 
years of high water stress and Biscogniauxia infection (Wood et al. 2018). 
This water stress can be exacerbated through forest densification, which has 
occurred across North America due to anthropogenic changes in disturbance regimes 
(Abrams 1990, Masters 1991, Abrams 1992, Nowacki and Abrams 2008, Burton et al. 
2010, DeSantis and Hallgren 2011, Masters and Waymire 2012b). Following the 
adoption of fire suppression policies since 1930, there have been rippling effects on the 
composition and structure of ecosystems, as well as a loss of heterogeneity (Brose et al. 
2001, Nowacki and Abrams 2008). As a result, many grasslands, prairies, and savannas 
in the eastern and central US have transitioned to closed-canopy forests with increases in 
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fire-intolerant woody species replacing the dominant fire-tolerant species through a 
phenomenon called mesophication (Bragg and Hulbert 1976, Nowacki and Abrams 2008, 
DeSantis et al. 2010). In particular, oaks require fire for successful regeneration and 
recruitment, and as such, there has been a reduction of oak dominance in the midstory 
and sapling layers across the Eastern Deciduous Forest (Brose et al. 2001, Chiang et al. 
2008, DeSantis and Hallgren 2011). 
By utilizing long-term and broad-scale studies, we can better understand the 
underlying mechanism of forest compositional shifts brought about through changes in 
disturbance regimes. DeSantis et al. (2010) resurveyed xeric upland Quercus forests 
located throughout Oklahoma that had been sampled during the 1950’s drought (Rice and 
Penfound 1959), providing unique insight into how the composition and structure had 
changed in a Quercus dominated landscape. Over the 50-year period, total basal area 
increased by over 94% and total tree density increased by 71%. Likewise, tree density has 
increased in the highlands of Oklahoma, Arkansas, and Missouri. Historically, these 
ecosystems were classified as a mosaic of prairie, oak and pine savanna, and oak or pine 
woodland grasslands (Foti and Glenn 1991, Masters 1991). With the exclusion of fire and 
less commercial thinning occurring, these ecosystems have transformed to dense 
homogenous forests composed of predominately oak and pine (Masters 1991). Within 
this region, the Ouachita mountain landscape has increased in tree density by over 47% 
(Foti and Glenn 1991, Kreiter 1994, Masters and Waymire 2012b).  The increase in 
density of these Quercus dominated landscapes are similar to those observed across the 
Northern hemisphere (Niklasson et al. 2002, Haavik et al. 2015). 
4 
 
 
In combination with drought, forest densification has been associated with 
changes in water availability, often leading to higher rates of tree mortality (Powers et al. 
2010, Elkin et al. 2015, Bradford and Bell 2017). A global synthesis of forest mortality 
events found associations with increased stand density and greater susceptibility to 
drought induced mortality due to higher rates of competition for water resources (Cobb et 
al. 2017). Forest management practices such as reducing basal area through mechanical 
thinning and prescribed burning have been shown to postpone the effects of climate-
induced mortality by several decades (Bradford and Bell 2017), and can improve forest 
health by reducing competition, increasing soil water content as well as hydraulic 
conductance, resulting in higher photosynthetic rates (Breda et al. 2006, Lechuga et al. 
2017). Both experimental (Powers et al. 2010) and simulated studies (Elkin et al. 2015) 
have investigated the effectiveness of thinning to lessen mortality rates and drought 
vulnerability, however, few empirical studies have assessed the efficacy of thinning as a 
long-term solution to meet ecological objectives (Sohn et al. 2013, Elkin et al. 2015, 
Sohn et al. 2016).  Rather, thinning coupled with prescribed fire, or prescribed fire alone, 
provides greater conditions for oak health restoration (Weatherspoon 1996, Franklin et al. 
2003, Albrecht and McCarthy 2006). 
Minimal attention has been given to the impact of forest compositional shifts and 
densification on the prevalence of disease in oak and oak-hickory forests in relation to 
Biscogniauxia species. Secondary fungal pathogens such as these are expected to be 
positively associated with the predicted increases in drought frequency and severity 
(Kolb et al. 2016, Wood et al. 2018). As previously mentioned, in the oak-hickory 
forests, Biscogniauxia spp. are often associated with increased drought-stress, which can 
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be reduced by applying silviculture thinning techniques and prescribed fire. During a 28-
year study at the Pushmataha Wildlife Management Area in southeast Oklahoma, Masters 
and Waymire (2012b) managed experimental units that were initially reduced to 
presettlement stand densities, then subjected these plots to 4-, 3-, 2-, and 1-year late 
dormant season fire frequency regimes. During this long-term study, B. atropunctata was 
only found in units experiencing no fire management with highest incidence on Quercus 
marilandica (blackjack oak). Majority of these deaths occurred during periods of below 
average rainfall and correlated with PDSI values from the preceding 2 years (Masters and 
Waymire 2012b). However, there were no definitive measurements of tree water stress to 
implicate the effects of disturbance regimes on the incidence/prevalence of infection and 
its association with water deficits. Explaining the variable water stress experienced 
among treatments could provide further supporting evidence for prescribed fire used as a 
means to improve forest health in these disturbance-associated systems.   
There are numerous ways to quantify physiological water stress in trees. A 
common method for measuring water stress integrated over time is through the use of 
carbon stable isotopes, the ratio of 13C isotopes relative to 12C within a leaf—indicating 
the leaf internal to ambient CO2 concentration. Under optimal conditions, Rubisco has a 
strong preference towards available 12C (Ehleringer et al. 1986). However, during times 
of stress, stomatal closure leads to a reduction in internal leaf CO2 concentration available 
for photosynthesis, which has the effect of reducing Rubisco’s discrimination against 
13CO2, leading to an increase in assimilation of 
13C relative to 12C which increases the 
stable carbon isotope composition (δ13C) of fixed C. δ13C is indicative of increases in 
photosynthetic water use efficiency (WUE), the ratio of C assimilated to water transpired, 
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which can be used to assess drought stress in plants among different environments and 
species (Ehleringer et al. 1986, Ferrio et al. 2003, Adams and Kolb 2004, Billings et al. 
2016). Additionally, δ13C has been used to specifically evaluate the effect of thinning on 
tree water stress (McDowell et al. 2006) and provides insight into the mechanistic 
response of trees to drought (Dawson et al. 2002, Ferrio et al. 2003, Adams and Kolb 
2004, Billings et al. 2016). Specifically, increases in WUE inferred from increases in 
δ13C has been associated with sensitivity to drought (Ferrio et al. 2003). Although δ13C 
has been utilized to answer many broad questions, this measure of drought stress has 
never been used to assess the impacts of Biscogniauxia spp. on tree species in varying 
environmental conditions.  
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CHAPTER II 
 
 
THE EFFECT OF MANAGEMENT THROUGH PRESCRIBED FIRE ON 
BISCOGNIAUXIA INFECTION AND TREE STRESS IN OAK DOMINATED 
FORESTS  
 
 
Abstract 
Incidents of Quercus decline have been driven by complicated interactions among 
factors such as temperature, drought, pathogenic fungi, and tree density, which operate at 
multiple time scales. In particular, past incidents of elevated tree mortality in response to 
drought in the highlands of Oklahoma were associated with biotic factors; specifically, 
the infection of Quercus species by canker-causing Biscogniauxia fungi. Much research 
has demonstrated the association between water stress and Biscogniauxia, however, little 
is known about the interactions between forest densification, water stress and fungal 
infection. I investigated the effects of disturbance regimes on Biscogniauxia prevalence at 
two different sites in Oklahoma—Pushmataha Wildlife Management Area (PWMA) and 
Okmulgee Wildlife Management Area (OWMA). Stands at PWMA were subjected to 4-
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year and 1-year fire return intervals, while OWMA stands received 2.5-year and 4.3-year 
fire return intervals. Utilizing a generalized linear mixed model (GLMM) I found that the 
incidence of Biscogniauxia was highest among units with a fire return interval of 4 years 
or greater. Additionally, trees exhibiting stress through canopy reduction had greater rates 
of infection. I measured stable C isotope ratio to investigate treatment effects on tree 
physiology, however results suggested WUE was highest in units experiencing 4-yr and 
1-yr fire return intervals at PWMA, counter to my expectations, while no effect was seen 
at OWMA. My observations illustrate the effectiveness of disturbance regimes on 
mitigating pathogenic attack and warrant further investigation to understand the 
effectiveness of fire regimes as a management strategy.  
 
Keywords 
Prescribed burning; fire suppression; Biscogniauxia; oak decline; water use efficiency;  
oak health; thinning; hypoxylon 
Abbreviations  
OWMA= Okmulgee Wildlife Management Area; PWMA= Pushmataha Wildlife 
Management Area; FRI= Fire Return Interval; WUE= Water Use Efficiency
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Introduction 
Oak decline arising from various causal agents and occurring at multiple time 
scales has been described worldwide (Millers et al. 1989, Starkey and Oak 1989, Lloret et 
al. 2004, Vannini et al. 2009, Haavik and Stephen 2010, Bendixsen et al. 2015, Haavik et 
al. 2015, Cobb et al. 2017, Wood et al. 2018). In the past few decades, there has been a 
notable increase in pathogenic attack with drought-driven mortality, illuminating the 
effect of water stress in amplifying fungal disease prevalence across oak-dominated 
forests of North America; particularly in, Arkansas (Bassett et al. 1982, Bassett and Fenn 
1984), Missouri (Tainter et al. 1983, Haack and Blank 1991b, Wood et al. 2018), and 
Oklahoma (Masters and Waymire 2012b, Bendixsen et al. 2015) in association with 
Biscogniauxia species. Although considered a secondary stress factor, these pathogens 
can directly lead to tree dieback and death (Thompson 1956, Bassett and Fenn 1984, 
Sinclair and Lyon 2005, Capretti and Battisti 2007, Olson 2013, Wood et al. 2018). This 
is cause for concern as oak species compose more than twice the basal area of any other 
genus in the United States and are typically the dominant species of hardwood forests in 
the Northern Hemisphere (Millers et al. 1989). 
Compounding all of this, anthropogenic changes in disturbance regimes across 
North America have impacted forests negatively; resulting in fire exclusion and stand 
densification (Lorimer 1985, Abrams 1992, 1996, Nowacki and Abrams 2008, Burton et 
al. 2010, DeSantis and Hallgren 2011). With the abandonment of forest management in 
these ecosystems, forests have also experienced higher rates of competition, increased 
water stress, and increased mortality rates (Vayreda et al. 2012, Carnwath and Nelson 
2016, Gleason et al. 2017, Lechuga et al. 2017). As fire suppression and exclusion has 
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been adopted, and less commercial thinning has occurred, there have been rippling effects 
on the composition and structure of ecosystems, as well as loss of oak dominance and 
heterogeneity of species composition (Nowacki and Abrams 2008, DeSantis et al. 2010). 
Increased basal area across forest types has been associated with changes in hydrology 
and water deficits (Powers et al. 2010, Elkin et al. 2015, Bradford and Bell 2017, Gleason 
et al. 2017). Specifically, soil water availability declines in dense stands which in turn 
results in stomatal closure and decreasing carbon uptake (McDowell et al. 2011).  As 
drought frequency and intensity increases in an era of higher temperature in dense forests, 
the atmospheric demand for water of trees also increases, potentially leading to 
widespread, drought-induced tree mortality (Allen et al. 2010, Allen et al. 2015).  
To ameliorate the stress associated with forest densification, thinning treatments 
that reduce stand density have been applied as a mechanism to amplify resilience and 
resistance of forest ecosystems and improve resource availability (Powers et al. 2010, 
D'Amato et al. 2013, Bradford and Bell 2017). In oak dominated landscapes, thinning can 
open the canopy to these shade-intolerant species, however, oaks are adapted to frequent 
fires for recruitment and regeneration into the canopy (Abrams 1992, Burton et al. 2010). 
Prescribed burning is often implemented as a means to maintain reduced basal area, 
reduce competition from understory vegetation, and mitigate disease. Fire regimes play 
an important role in promoting plant diversity and woody plant growth and influence 
compositional shifts towards early successional fire tolerant species adapted to high light 
exposure (Abrams 1992, Nowacki and Abrams 2008, Burton et al. 2010, DeSantis and 
Hallgren 2011). Burton et al. (2010) investigated the impact of fire regimes in an oak-
dominated forest and found that a fire regime of two or more fires per decade were 
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necessary to maintain oak dominance and reduce fire-intolerant species, as well as reduce 
forest density. 
Based on observational studies and field surveys, there is considerable evidence 
linking increased susceptibility to pathogenic attack by Biscogniauxia spp. to host water 
stress (Van Arsdel 1972, Bassett et al. 1982, Bassett and Fenn 1984, Sinclair and Lyon 
2005), however, minimal attention has been given to the impact of fire suppression and 
forest densification on the prevalence of disease. Although Biscogniauxia species are 
considered to be endophytic, they are capable of directly causing tree death and dieback 
triggered by stress, such as that caused by forest densification. Through the lens of long-
term oak management, this study aims to elucidate the relationship between reduced 
basal area maintained by prescribed fire on the prevalence of Biscogniauxia spp. in oak- 
and oak-pine dominated forests. I utilized field surveys to address whether fire regimes of 
two fires or more per decade will reduce Biscogniauxia prevalence. Explaining the 
variable water stress experienced among treatments could explain how frequent fire and 
associated tree density reduction influences tree water stress. One such method of 
measuring water stress integrated over time is through the use of leaf carbon stable 
isotopes (δ13C), indicating the internal CO2 concentration. Using leaf δ13C, I compared 
changes in water use efficiency (WUE) to address whether fire regimes decrease the 
WUE—resulting in more negative leaf δ13C —in units burned more frequently. 
Alternatively, units that have decreased basal area may experience the increases in leaf 
δ13C due to increased vapor pressure deficits and high water transpiration. Leaf δ13C was 
also used to determine if Q. marilandica had higher WUE compared to its co-dominant 
counterpart, Q. stellata, as inferred from leaf δ13C. Here I address the following 
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questions: (1) Does increased fire frequency—and in turn, reduced basal area— decrease 
Biscogniauxia prevalence? (2) Does reduced competition from the application of 
prescribed burning result in decreased WUE in oak species? (3) Does Q. marilandica 
have higher WUE than co-dominant Q. stellata? 
 
Methods 
Study Sites 
The study took place at two locations in Oklahoma managed by the Oklahoma 
Department of Wildlife Conservation under variable strategies, the Okmulgee and 
Pushmataha Wildlife Management Areas. Located in Okmulgee County in eastern 
Oklahoma, the Okmulgee Wildlife Management Area (OWMA; Fig. 1) presides on 3700 
hectares of land and contains one of the largest areas of old growth forests in the 
Crosstimbers ecoregion (Stahle et al. 2003). OWMA’s canopy is dominated by Quercus 
stellata (post oak), Quercus marilandica (blackjack oak), and Carya texana (black 
hickory (Cottam and Curtis 1956).  
OWMA has a subtropical climate, receiving an average annual precipitation of 
1040 mm, with a mean annual temperature of 16°C. In August, the mean daily high is 
34°C while the mean daily low is -2°C in January. The soil at OWMA consists of 13 
different types. Of these, Hector-Endshaw soil complex (HtE) covers approximately 75% 
of the land and is the dominant soil type, composed of stony fine sandy loam that is well 
drained and non-arable. For my study, I used units that experienced average fire return 
intervals of 2.5-yr FRI, 4.3-yr FRI, and 30+yr FRI (Table 1a). Units receiving frequent 
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application of prescribed fire had reduced basal area compared to units that were not 
frequently burned (Fig 3b). Additionally, Q. stellata was found to be the dominant 
species at all units at OWMA (Fig 3a).  
In the south-eastern corner of Oklahoma lies the second study area, the Forest 
Habitat Research Area (FHRA), located in the Pushmataha Wildlife Management Area 
(PWMA) which comprises of 7,395 ha within the Kiamichi Mountains in the Ouachita 
Highland Region. The FHRA is composed of 29.1 hectares of forest dominated by 
Quercus stellata (post oak), Pinus echinata (shortleaf pine), Quercus marilandica 
(blackjack oak), and Carya tomentosa (mockernut hickory) (Fig 4a). The dominant soil 
type at the FHRA is Hector-Pottsville soils formed from cherty shales and sandstone 
(Masters 1991). PWMA has a humid to semi-humid climate, receiving an average annual 
precipitation of 1244 mm. 
Since 1984, the FHRA has experienced consistent and regular management of an 
initial thinning in selected units in 1984 followed by established fire return intervals. 
Prior to treatment, the FHRA received fire return intervals greater than 4 years from 1978 
to 1984, with basal area ranging from 24-30 m2/ha. In 1984, eight units—including 3-4 
replicates per treatment—were implemented at the FHRA to investigate the promotion of 
oak woodland restoration and these have been maintained to the present day. Five 
selected units were thinned to pre-settlement densities of approximately 9 m2/ha basal 
area and either received no prescribed fire or were subjected to 4-, 3-, 2-, and 1-year fire 
return intervals during dormant season (late February-early April) until present day. 
Additionally, three units were not mechanically thinned, and were either subjected to 4-, 
and 1-year fire return intervals or received no prescribed fire. During the last 34 years, 
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units that were initially thinned but received no fire treatment returned to their initial 
stand densities and units that were not thinned but were treated with fire at prescribed 
intervals reached similar stand structure as those that were thinned in 1984 and had the 
same fire prescriptions (Fig 5). Because mechanical thinning occurred 34-years prior, I 
was not able to determine the efficacy of thinning apart from burning, and as such, I 
pooled thinned and unthinned units in groups based on the frequency of fire treatment for 
statistical analysis. For my study, I used the following units: 34+yr FRI, 4-yr FRI and 1-
yr FRI to determine forest health and disease prevalence (Table 1b). Prescribed fire at 
PWMA effectively reduced basal area in units frequently burned compared to units that 
received a 34+yr FRI (Fig 4b). All sampling occurred over the summer of 2017.  
Disease Prevalence Survey 
In each unit at both sites (PWMA and OWMA), I established randomly located 
transects of three replicates per unit using the point-centered quarter plot method (Cottam 
and Curtis 1956).  Each transect began 10 m away from the border of each treatment to 
reduce edge effect and minimize the impacts from other treatments. For units at PWMA 
that were 1.2 hectares, one 120 m transect was placed down the center of the unit. If these 
particular units had a basal area of 9m2/ha or less, then all the trees in the unit were 
measured. For units that were 1.6 hectares or greater (PWMA and OWMA), two 60 m 
transects were used. Every 20 meters along each transect, I placed a flag vertically to 
define the center of the point-centered quarter plot for a total of six plots. The area around 
the point was then divided into quarters, with one-line parallel to the transect, and the 
other line perpendicular to the transect. In each quarter, the nearest three hardwood trees 
with a diameter at breast height > 5 cm were measured (Fig 6); identifying species, 
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diameter at breast height (DBH), presence or absence of oak pathogens, and canopy 
position. Additionally, I assigned a canopy health rating to assess tree dieback. This 
included whether the tree had <25% loss of canopy, 25%-50% loss of canopy, >50% loss 
of canopy, or dead (100% loss of canopy). I assigned all dead stems to the appropriate 
mortality class and snag decay code according to the FIREMON protocol (Table 2). 
Species other than Quercus marilandica and Quercus stellata were categorized as other 
trees for later analysis. Additionally, at the center of each point, I used a 10-factor wedge 
prism to quantify tree basal area following standard forestry methods for point sampling 
(Avery and Burkhart 2015). 
Leaf δ13C and N 
At OWMA I sampled south-facing sun-exposed leaves from the mid-canopy of 
three healthy Quercus stellata trees in dominant canopy positions from the 30+yr FRI 
unit and units experiencing 4.3-yr and 2.5-yr FRI—including three replicates of each 
unit. In total, 27 Q. stellata trees were sampled at OWMA. Sampling at PWMA occurred 
in units experiencing 4-yr, 1-yr FRI, and 34+yr FRI. Three individuals in a dominant 
canopy position of both Quercus stellata and Quercus marilandica were sampled in each 
unit with three replicates. 90 trees in total were sampled at PWMA. To minimize intra-
seasonal bias, leaves were collected at the end of the growing season in October 2017. 
Samples were then oven-dried at 70°C and ground to a fine powder with a ball mill. δ13C 
and total leaf nitrogen concentration (N) were analyzed at the Stable Isotopes for 
Biosphere Science Laboratory at Texas A&M University using continuous flow isotope 
ratio mass spectrometry and an elemental analyzer. Total leaf nitrogen concentration was 
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used to assess variation of carboxylation capacity which could contribute to any 
differences seen in leaf δ13C.  
Data Analyses 
I used a Generalized Linear Mixed Model (GLMM) approach to analyze 
Biscogniauxia prevalence among forest management treatments to evaluate what plot-
level factors may contribute to disease establishment. Using the Akaike’s Information 
Criterion (AIC) for model selection, I compared the support for different mixed effect 
binomial models used to predict the presence of Biscogniauxia as a function of tree 
canopy health, tree canopy position, species, diameter, site basal area, and fire return 
interval. Because site basal area was found to be highly correlated with fire return 
interval, it was excluded from the analysis. A random effect (replicate) was included in 
all analyses. For the GLMMM with OWMA data the total number of observations was 
486, while PWMA data had 711 total observations. Up to 15 models, including a null 
model, were constructed for both sites (OWMA and PWMA) with different additive 
combinations of the independent variables mentioned above as well as their interactive 
effects (Table 3, Table 4).  
To assess what plot-level factors may have influenced tree mortality I constructed 
seven mixed effect binomial models including a null model, for both OWMA and 
PWMA, in which survivorship was the response variable and treatment replicates were 
the random effect (Table 3, Table 4). All analyses were done in R studio 3.3.1 (R Core 
Team, 2016) using the lme4 package and the function glmer with a binomial distribution 
and logit link function for mixed effects analyses. Models included the optimization 
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function bobyqa (Michael J. D. Powell, 2009) and 150000 iterations to deal with model 
convergence issues. For model selection, I used the bbmle package (Bolker and R 
Development Core Team, 2011). I chose the set of best models for the GLMMs from 
OWMA and PWMA using a delta AIC approach. Specifically, I eliminated models from 
consideration that had a delta AIC score of greater than two.  
I compared differences in leaf stable carbon isotope composition (δ13C) among 
fire regimes using analysis of variance (ANOVA) at both OWMA and PWMA. Total leaf 
N concentration was used as a proxy for carboxylation capacity to evaluate whether 
differences carboxylation capacity could account for differences in leaf δ13C (Field 
1986). I used an analysis of variance (ANOVA) to assess for the potential differences in 
total leaf nitrogen concentration across units at both field sites. Due to the lack of 
Quercus marilandica species at OWMA, I only compared differences in leaf δ13C 
between Q. marilandica and Q. stellata at PWMA, using a Student’s t-test. Total leaf N 
was used to assess differences in carboxylation capacity between species using a 
Student’s t-test at PWMA.  
 
Results 
Disease Prevalence and Mortality  
For modeling the presence of Biscogniauxia at OWMA, 15 GLMMs were 
considered with different combinations of main and interaction terms (Table 3). Out of 
these 15 models, only one had a delta AIC less than two. In this model the presence of 
Biscogniauxia was a function of the additive effects of fire frequency and canopy health 
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status of the tree (Figure 7). According to this model, the likelihood of Biscogniauxia 
presence was reduced with increasing fire frequency and reduced stress of trees exhibited 
through canopy health (P<0.05, Table 3, Fig 7). Biscogniauxia prevalence was highest 
among dead trees and trees exhibiting a loss of > 50% loss of canopy cover, while 
Biscogniauxia prevalence decreased significantly with reduced loss of canopy cover (Fig 
7 b,c,d). An investigative analysis was done to assess the impact of fire frequency alone 
on the presence of Biscogniauxia. I found that management without the additive effect of 
canopy health was not different among the units at OWMA as seen in Figure 7a. 
At PWMA I considered 15 models to model the effect of tree health, tree position 
in canopy, DBH, site basal area, and fire regimes on Biscogniauxia presence at the 
PWMA (Table 4). I found two models with a delta AIC less than two. Similar to OWMA, 
my top model with the greatest AIC support was the presence of Biscogniauxia as a 
function of fire return interval and canopy health (Table 4, Figure 8). There was no 
difference in Biscogniauxia presence between dead trees and trees exhibiting a loss of 
50% or more canopy cover. Trees exhibiting little to no stress (<50% canopy cover) had 
significantly reduced Biscogniauxia presence (Fig 8b,c,d). Additionally, I assessed the 
effect of fire frequency alone through an exploratory analysis on Biscogniauxia 
prevalence and found similar results to my best performing model.  
To model the potential factors influencing dead trees at OWMA and PWMA, I 
considered seven models to model the effect of site basal area, fire frequency, and 
species. I found two models with a delta AIC less than two at PWMA. The best model 
included the additive effects of fire frequency and species. Units experiencing no fire 
return intervals had the highest proportion of dead trees (8.6%), while units experiencing 
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4-yr and 1-yr fire return intervals had 5.4% and 1.7%, respectively. Only units with a 1-yr 
FRI had a significant difference from the 34+yr FRI units in terms of proportion of dead 
trees (P<0.002, Fig. 8). Interestingly, differences were not found between the proportion 
of dead Q. marilandica and Q. stellata which is likely due to the minimal presence of Q. 
marilandica in several of the units (P=0.3397). Only 2.7% of the canopy of the 4-yr FRI 
was composed of Q. marilandica, while 26.72% of the canopy in the 1-yr FRI and 
12.76% of the canopy in the 34+yr FRI units were composed of Q. marilandica (Fig 4). 
All units had approximately 65% composition of Q. stellata (Fig 4). At OWMA, there 
were no explanatory variables found to explain the percent mortality experienced among 
the units.  
Leaf δ13C and N 
 At OWMA fire regime was not a significant source of variation for leaf δ13C nor 
leaf N (P>0.05, Fig. 9a). At PWMA, fire regime was a significant source of variation for 
leaf δ13C (P<0.02, Fig 9b). Leaf δ13C was higher for units receiving 1-year and 4-year fire 
return intervals compared to the 34+year FRI treatments (P<0.02, Fig 9b). Q. stellata had 
lower leaf δ13C than Q. marilandica (P <0.008, Fig. 10). Leaf N did not differ among 
treatments or between species, indicating that carboxylation capacity did not drive any 
differences in δ13C at PWMA. 
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Discussion 
Fire frequency plays an important role for oak health—encouraging regeneration, 
reducing competition, and influencing stand density. As frequent fires transitioned to fire 
exclusion across North America, forest stand densification occurred, leading to forest 
compositional shifts (Bragg and Hulbert 1976, Nowacki and Abrams 2008, DeSantis et 
al. 2010). Long-term prescribed fires at PWMA and OWMA were capable of reducing 
tree basal area and density to stand densities similar to those in the pre-settlement era, 
with increases in oak dominance (Pyne 1982, Masters and Waymire 2012b). Oaks 
respond favorably to reduced competition from shade tolerant, fire-intolerant species, 
under high-light environments, while the inverse is true: oak dominance declines through 
excessive competition in the absence of fire (Lorimer 1985, Franklin et al. 2003, Lechuga 
et al. 2017). For two oak-dominated forests in eastern Oklahoma, the greatest predictor of 
Biscogniauxia prevalence was the frequency of prescribed fire and the canopy health 
status of the tree. At PWMA, units that were burned frequently (FRI ≤ 4 years) had lower 
basal area, and reduced prevalence of Biscogniauxia compared to 34+yr FRI units that 
had not been burned since 1984. Alternatively, treatments experiencing an average of 
4.3-year FRI and 2.5-year FRI at OWMA only had reduced Biscogniauxia infection of 
dead trees compared to the 30+yr FRI unit due to the nearly 100% infection rate of dead 
Quercus species in the 30+yr FRI unit, while both the 4.3-yr and 2.5-yr units had less 
than 65% infection of dead trees (Fig 7 b,c,d). The additive effect of stress exhibited 
through the canopy dieback of trees resulted in a higher likelihood of developing 
Biscogniauxia in units experiencing no management application of prescribed fire.  
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Among the best predictors for Biscogniauxia presence in the models for both 
OWMA and PWMA was tree canopy health, the degree of canopy dieback, which has 
long been used as an indicator of tree disease (Sinclair and Lyon 2005).  Trees exhibiting 
bare branches and canopy dieback at both forests had a greater prevalence of 
Biscogniauxia canker on boles and/or branches. Trees that were recently dead and trees 
with canopy loss of 50% or greater had the highest rates of infection.  
At PWMA, thinning treatments on their own had little effect on stand density and 
the prevalence of Biscogniauxia infection.  Several units were thinned in 1984, however, 
according to the long-term monitoring of basal area, units that did not receive prescribed 
fire applications returned to the initial basal area experienced before the application of 
thinning by 1997 while thinned and unthinned units receiving prescribed fire began to 
resemble similar basal areas as well (Masters and Waymire 2012b). Due to this prolonged 
period since thinning, I was unable to properly assess the efficacy of thinning as a 
management strategy, and I focused primarily on the fire frequency at these units. As 
found by Weatherspoon (1996), Dey et al. (2017), and Albrecht and McCarthy (2006), 
this suggests that thinning needs to occur at a regular frequency or may require fire return 
intervals to maintain ecological benefits. Alternatively, Peterson and Reich (2001) found 
that long-term applications of fire regimes is sufficient to reduce and maintain stand 
densities which was supported by the long-term studies conducted at the Forest Habitat 
Research Area at the PWMA (Masters and Waymire 2012b). Units that were not thinned 
initially in 1984 and received regular fire return intervals had similar stand characteristics 
as those that were thinned in 1984, and thus I assessed the impact of fire frequency on 
health, disregarding the application of thinning in 1984. 
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Through a combination of active defenses, healthy trees are able to inhibit the 
growth of hyphae of Biscogniauxia (Sinclair and Lyon 2005). Once trees are predisposed 
to water stress, they are more susceptible to disease. To assess whether reduced stand 
basal area from prescribed burning accounted for reduced water stress experienced in 
these units, I inferred water use efficiency (WUE) from the carbon stable isotope 
composition (δ13C) of leaves. At OWMA I found no differences in leaf δ13C across fire 
treatments that reduced basal area. At PWMA, units that experienced 1-yr and 4-yr fire 
return intervals had a higher (less negative) δ13C compared to 34+yr FRI units, indicating 
that these units had higher WUE.  This was not consistent with my expectation that WUE 
would be highest in units with the highest basal areas that had experienced no fire in ~34 
years. Notably, differences in δ13C were relatively small, with the greatest difference of 
~0.52 % δ13C between the 34+yr FRI and 4-yr FRI. This variation in leaf δ13C was likely 
not caused by differences in carboxylation capacity, because I found no effect of 
treatment on leaf N at PWMA.  
There are several factors that could have led to this result. Despite reduced basal 
area in units experiencing 4-yr and 1-yr fire return intervals, it is possible that trees in 
these units had greater water stress than the 34+yr FRI units. Specifically, the opened 
canopy in the 1-yr fire return interval has led to increases of forbs and grasses (Masters 
and Waymire 2012b), resulting in dense understory vegetation which could increase the 
WUE of the trees. Additionally, low density forests have been associated with increased 
soil and understory evapotranspiration due to high light exposure and increased vapor 
pressure deficits (Lechuga et al. 2017). D'Amato et al. (2013) found that although low 
density forests may experience short term drought resistance, they are more vulnerable 
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due to the increased water demand by large open-grown trees. Trees in lower density 
stands tend to allocate more resources to growth, and may have higher hydraulic 
limitations (Lechuga et al. 2017). Furthermore, fire effects to foliage can alter many 
aspects of tree physiology; resulting in root damage that could reduce water uptake and 
increase drought stress (Sword and Haywood 1999), and reduce gas exchange due to 
damaged foliage and decrease photosynthetic efficiency (Ryan 2000, Wallin et al. 2003, 
Smith et al. 2017). Recent burns at PWMA experienced several months prior to leaf 
sampling could have increased WUE. It is also possible that δ13C were not directly 
caused by increased water stress in the frequently burned treatments at PWMA.  
Measurements of δ13C are used to infer WUE efficiency because more 13C is fixed during 
photosynthesis when internal leaf CO2 concentrations (Ci) are low. Stomatal closure 
from drought stress is often the cause of low Ci, but a low Ci could also be caused by 
high photosynthetic rates that deplete CO2 faster than it can diffuse from the atmosphere 
through open stomata (Scheidegger et al. 2000). If oaks in the 1- and 4-yr FRI treatment 
had higher maximum photosynthetic rates than those in the 34+yr FRI treatment, and 
stomatal conductance was unaffected by treatment, then differences in δ13C may not 
reflect water stress at PWMA. Further investigation is needed to properly assess for 
variation in water stress experienced by trees among different fire regimes.  
Among the two oak species under investigation—Quercus marilandica and 
Quercus stellata—leaf δ13C of Q. stellata was more negative, indicating that Q. 
marilandica had greater WUE. This species difference would be consistent with the 
physiological differences between the white oak group (section Quercus, including Q. 
stellata) and red oak group (section Lobate, including Q. marilandica). Red oaks tend to 
35 
 
 
have greater susceptibility to drought, fire injury, and pathogens while white oaks have 
greater coping mechanisms to deal with cambial injury and fungal infection (Bassett and 
Fenn 1984, Jenkins and Pallardy 1995, Dey et al. 2017). These species differences were 
not found to be a significant predictor in the models of Biscogniauxia infection, perhaps 
due to the dominance of Q. stellata at the sites I studied. In my surveys, Q. marilandica 
only composed 4.3% of trees at OWMA and 17.8% of trees at PWMA, limiting their 
ability to affect infection prevalence in the statistical model.  Other studies have 
documented greater decline and association with Biscogniauxia spp. in the red oak group 
(Bassett et al. 1982, Fenn and Holland 1984, Sinclair and Lyon 2005, Bendixsen et al. 
2015, Wood et al. 2018), and that Q. marilandica was more affected than Q. stellata 
(Rice and Penfound 1959, Bassett et al. 1982).   
Although variable water stress inferred from WUE may not have been a factor 
that influenced disease prevalence, there are several other factors that contribute to the 
spread and germination of Biscogniauxia. Ascospores are considered to have the greatest 
importance in the dissemination of Biscogniauxia spp. (Vannini et al. 1996, Sinclair and 
Lyon 2005). Following periods of high precipitation or high relative air humidity, 
ascospores have increased discharge and germination from stromata, and are able to enter 
wounds and natural openings in otherwise healthy trees (Vannini et al. 1996). The 
optimal temperature for the germination of ascospores of Biscogniauxia species ranges 
from 30°C to 35°C, with a decline in germination in temperature greater than 40°C 
(Vannini et al. 1996). During prescribed burns, flames can reach up to one meter and 
reach temperature of 200°C or greater (DiTomaso et al. 1999), potentially inhibiting 
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ascospore germination and discharge. Additionally, long-term application of prescribed 
fire may reduce the spread of ascospores by increasing the distance between host species.   
Despite reported drought-induced oak-mortality associated with Biscogniauxia 
(Bassett et al. 1982, Bassett and Fenn 1984, Wood et al. 2018), it is generally not given 
much consideration as a pathogen capable of inciting high mortality rates or widespread 
die-off. With climate change, severe droughts are likely to occur with greater frequency 
and intensity in the Great Plains (Cook et al. 2015), which can be detrimental to forest 
health, could change that assessment (Allen et al. 2015, Cobb et al. 2017, Wood et al. 
2018). Additionally, due to increased energy in the atmosphere with a warming climate, 
drought is expected to be followed by periods of excessive precipitation (Hubbart et al. 
2016), which is favorable for the spread and germination of Biscogniauxia spp. (Vannini 
et al. 1996). With increased water stress, there will likely be increased incidents of 
pathogen-induced mortality, specifically from Biscogniauxia on Q. marilandica and Q. 
stellata in the eastern deciduous forests. I propose that the use of frequent fire (FRI ≤ 4 
years) can effectively reduce the prevalence of Biscogniauxia in these fire-adapted 
ecosystems. To mitigate the anticipated impacts of future climate change, prescribed 
burning is an invaluable management strategy that promotes drought-tolerant species, 
reduces competition, maintains low stand density, and reduces disease. 
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Tables 
 
Table 1. Fire return intervals for sites at a) OWMA and b) PWMA 
 
 a) 
 
Fire Return Interval 
 
 
Description 
 
N 
30+yr 
 
Control, no burning  6 
4.3-yr 
 
Late-winter prescribed burn, average of 4.3-year interval 3 
2.5-yr 
 
Late-winter prescribed burn, average of 2.5-year interval 6 
 
 
b) 
 
Fire Return Interval 
 
 
Description 
 
N 
34+yr 
 
Control, no burning  6 
4-yr 
 
Late-winter prescribed burn, 4-year interval 3 
1-yr 
 
Late-winter prescribed burn, 1-year interval 6 
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Table 2. Snag codes and descriptions from the FIREMON protocol (Lutes et al. 2006) 
 
Snag code Limbs Top of bole Bark Sapwood Other 
1 All present  Pointed 100% 
remains 
Intact Height intact 
 
2 Few, limbs May be 
broken 
Some loss, 
variable 
Some decay Some loss in 
height 
3 Limb stubs 
only 
Usually 
broken 
Start of 
sloughing 
Some 
sloughing 
Broken top 
4 Few or no 
limb stubs 
Always 
broken 
some rot 
50% or more 
loss of bark 
Sloughing 
evident 
Loss in 
height 
always 
5 No limbs or 
limb stubs 
Broken and 
usually 
rotten 
20% bark 
remaining 
Sapwood 
gone 
Decreasing 
height with 
rot 
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Table 3. GLMM summaries for OWMA 
OWMA Models  AIC ΔAIC d.f. Weight 
Biscogniauxia = FRI + Canopy Dieback 
 
262.9 0.0 8 0.8001 
Biscogniauxia = FRI + Canopy Dieback + Species 
 
265.7 2.8 7 0.1964 
Biscogniauxia = Species + Canopy Dieback 
 
274.6 11.7 6 0.0023 
Biscogniauxia = Species * Canopy Dieback 
 
276.8 13.9 8 <0.001 
Biscogniauxia = Canopy Dieback 
 
277.8 14.9 5 <0.001 
Biscogniauxia = FRI + Canopy Position 288.1 25.1 10 <0.001 
Biscogniauxia = Canopy Position 
 
300.7 37.8 8 <0.001 
Biscogniauxia = FRI + Species * DBH 
 
518.7 255.7 7 <0.001 
Biscogniauxia = FRI + DBH 
 
521.9 259.0 5 <0.001 
Biscogniauxia = DBH 
 
524.2 261.3 3 <0.001 
Biscogniauxia = FRI * Species 
 
537.6 274.7 6 <0.001 
Biscogniauxia = FRI 
 
537.8 274.9 4 <0.001 
Biscogniauxia = FRI + Species 
 
539.4 276.4 5 <0.001 
Biscogniauxia = Null 
 
539.8 276.9 2 <0.001 
Biscogniauxia = Species 541.6 278.7 3 <0.001 
 
 
 
 
 
 
 
 
50 
 
 
 
 
 
 
Table 4. GLMM summaries for PWMA 
PWMA Models  AIC ΔAIC d.f. Weight 
Biscogniauxia = FRI + Canopy Dieback 
 
220.7 0 7 0.6781 
Biscogniauxia = FRI + Canopy Dieback + Species 
 
222.5 1.7 8 0.2871 
Biscogniauxia = FRI + Canopy Dieback * Species 
 
227.0 6.3 11 0.0297 
Biscogniauxia = Canopy Dieback 
 
231.2 10.5 5 0.0036 
Biscogniauxia = Species + Canopy Dieback 
 
233.1 12.4 6 0.0014 
Biscogniauxia = Species * Canopy Dieback 237.1 16.4 9 <0.001 
Biscogniauxia = FRI + Canopy Position 
 
251.2 30.5 8 <0.001 
Biscogniauxia = FRI * Species 
 
306.8 86.1 7 <0.001 
Biscogniauxia = FRI + Species 
 
307.9 87.1 5 <0.001 
Biscogniauxia = FRI + Species * DBH 
 
308.8 88.1 7 <0.001 
Biscogniauxia = FRI 
 
309.9 89.2 4 <0.001 
Biscogniauxia = FRI + DBH 
 
311.7 90.9 5 <0.001 
Biscogniauxia = Species 
 
323.6 102.9 3 <0.001 
Biscogniauxia = Null 
 
325.6 104.8 2 <0.001 
Biscogniauxia = DBH 327.6 106.8 3 <0.001 
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Figures 
 
 
 
 
 
 
 
 
Fig 1. Map of OWMA fire regimes (Howard, unpublished) with the mean fire interval 
(MFI) from 1950-2017 represented by varying colors. Starred units represent the units 
selected for the study (2.5-yr MFI, 4.3-yr MFI, and 30+yr MFI).  
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Fig 2. Map of the Forest Habitat Research Area at PWMA (Masters and Waymire 
2012a). Selected units highlighted in red signify the fire return interval (FRI) of 
treatments used for the study.  
 
 
 
 
 
1-yr FRI 
4-yr FRI 
34+yr FRI 
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Figure 3. a) Mean basal area (BA) of selected units at OWMA and b) the species 
composition of selected units at OWMA including Quercus marilandica (QUML), 
Quercus stellata (QUST), and other trees, which included Carya texana, Carya 
tomentosa, Ulmus alata, and Ulmus rubra.  Error bars are standard errors. 
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Figure 4. a) Mean basal area of selected units at PWMA and b) the species composition 
of selected units at PWMA including Quercus marilandica (QUML), Quercus stellata 
(QUST), and other trees, which included Carya tormentosa, Carya texana, Juniperus 
virginiana, Pinus echinata, Quercus alba, Quercus velutina, and Ulmus alata.  Error bars 
are standard errors. 
 
 
a) b) 
B
as
al
 A
re
a 
(m
2
/h
a)
 
Other trees 
 
QUML 
 
QUST 
 
 
55 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Comparison of the basal area of thinned and unthinned treatments with the 
same fire regime. Thinning was applied by stem-injection in 1984. No differences were 
found between thinned and unthinned plots experiencing the same fire regime (p>0.96). 
Confidence intervals are vertical lines. 
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Fig 6. Map of a hypothetical forest illustrating the application of the point-centered  
quarter plot method. The vertical dotted line represents the transect. At the center of the  
plot, units were divided into four quarters and the nearest three trees were measured as  
indicated by the solid lines.  
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Fig 7. a) Percent infection of Biscogniauxia spp. at OWMA on total Quercus species, 
based on fire return interval alone (P>0.05). The proportion of trees based on canopy 
dieback (dead, >50% loss of canopy, 25%-50% loss of canopy, <25% loss of canopy)—
and the percent that are infected—are represented by b) units experiencing 4.3-yr FRI, c) 
units experiencing 2.5-yr FRI, and d) units experiencing 30+yr FRI. Both the 4.3-yr FRI 
(b) and 2.5-yr FRI (c) are less likely to develop Biscogniauxia (P<0.001) due to the 
additive effect of canopy dieback and FRI. Vertical error bars are standard errors. 
 
 
a) b) c) 
d) 
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Fig 8. a) Percent infection of Biscogniauxia spp. at PWMA on total Quercus species, 
based on fire return interval alone (P<0.05). Astericks indicate significant differences 
from the control (34+yr FRI). The proportion of trees based on canopy dieback (dead, 
>50% loss of canopy, 25%-50% loss of canopy, <25% loss of canopy)—and the percent 
that are infected—are represented by b) units experiencing 4-yr FRI, c) units 
experiencing 1-yr FRI, and d) units experiencing 34+yr FRI. Both the 4-yr FRI (b) and 1-
yr FRI (c) are less likely to develop Biscogniauxia (P<0.001). Vertical error bars are 
standard errors. 
a) b) c) 
d) 
* 
* 
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Figure 9. Mean leaf δ13C across treatments at (a) Okmulgee Wildlife Management Area 
(OWMA) and (b) Pushmataha Wildlife Management Area (PWMA). (a) Differences in 
δ13C for were not significant across treatments (P>0.40). (b) Differences in δ13C were 
significant across treatments (P <0.001). Asterisks indicate significant differences from 
the control treatment (34+yr FRI). Error bars are standard errors. 
a) b) 
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Fig 10. Mean leaf δ13C at Pushmataha Wildlife Management Area (PWMA) for both 
Quercus stellata (QUST) and Quercus marilandica (QUML). Differences in δ13C were 
significant (P <0.004) between species. Error bars are standard errors.
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